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We have investigated the association of the influenza virus matrix (M1) and nucleoprotein (NP) with the host
cell cytoskeletal elements in influenza virus-infected MDCK and MDBK cells. At 6.5 h postinfection, the newly
synthesized M1 was Triton X-100 (TX-100) extractable but became resistant to TX-100 extraction during the
chase with a t1/2 of 20 min. NP, on the other hand, acquired TX-100 resistance immediately after synthesis.
Significant fractions of both M1 and NP remained resistant to differential detergent (Triton X-114, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate [CHAPS], octylglucoside) extraction, suggesting
that M1 and NP were interacting with the cytoskeletal elements. However, the high-molecular-weight form of
the viral transmembrane protein hemagglutinin (HA), which had undergone complex glycosylation, also
became resistant to TX-100 extraction but was sensitive to octylglucoside detergent extraction, indicating that
HA, unlike M1 or NP, was interacting with TX-100-insoluble lipids and not with cytoskeletal elements.
Morphological analysis with cytoskeletal disrupting agents demonstrated that M1 and NP were associated with
microfilaments in virus-infected cells. However, M1, expressed alone in MDCK or HeLa cells from cloned
cDNA or coexpressed with NP, did not become resistant to TX-100 extraction even after a long chase. NP, on
the other hand, became TX-100 insoluble as in the virus-infected cells. M1 also did not acquire TX-100
insolubility in ts 56 (a temperature-sensitive mutant with a defect in NP protein)-infected cells at the nonper-
missive temperature. Furthermore, early in the infectious cycle in WSN-infected cells, M1 acquired TX-100
resistance very slowly after a long chase and did not acquire TX-100 resistance at all when chased in the
presence of cycloheximide. On the other hand, late in the infectious cycle, M1 acquired TX-100 resistance when
chased in either the presence or absence of cycloheximide. Taken together, these results demonstrate that M1
and NP interact with host microfilaments in virus-infected cells and that M1 requires other viral proteins or
subviral components (possibly viral ribonucleoprotein) for interaction with host cytoskeletal components. The
implication of these results for viral morphogenesis is discussed.

Influenza viruses assemble and bud from the plasma mem-
brane of infected cells and predominantly from the apical
domain of the plasma membrane in polarized epithelial cells
(47). However, little is known about the steps involved in the
assembly and budding of influenza viruses. For virus budding
to occur, all viral structural components including the nucleo-
capsid (RNP), matrix protein (M1), and envelope proteins
(HA, NA, M2) must be transported either individually or as
subviral components to the assembly site at the plasma mem-
brane (47). These viral proteins and/or subviral components
must then interact with each other to initiate the budding
processes leading to the morphogenesis and release of virions.
One of our major interests is to elucidate the processes in-
volved in bringing the viral components to the assembly site in
virus-infected cells. Over the last few years, we have been
studying the assembly of orthomyxo- and paramyxoviruses, in-
cluding the transport and sorting of influenza virus glycopro-
teins, namely, viral hemagglutinin (HA) and neuraminidase
(NA) (28, 48), the role of M1 in the nuclear exit of viral RNP
(55), abortive assembly in influenza virus-infected HeLa 229
cells (18), and the interaction between the matrix (M) protein
and glycoproteins (F and HN) of Sendai virus (61).

Influenza virus M1 is the most abundant protein in virus
particles and appears to play a central role in the assembly and
budding processes. Although neither glycoprotein (HA or NA)

is absolutely required for assembly and budding processes (34,
35, 42, 51), virus assembly and budding fail to occur in the
absence of M1 (36). Particle formation is drastically reduced in
abortively infected cells exhibiting reduced M1 synthesis and in
cells infected at the nonpermissive temperature with temper-
ature-sensitive (ts) virus with a defect in M1 protein (33, 74).
Because of the presumed juxtaposition of M1 protein between
the viral envelope and nucleocapsid, M1 is proposed to inter-
act with the lipid bilayer and/or transmembrane domain/cyto-
plasmic tail of viral glycoprotein(s) on one side and the com-
ponents of viral ribonucleoproteins (vRNP) on the other side
(19, 25, 40, 46). Recently, interactions of influenza virus and
Sendai virus matrix proteins with viral glycoproteins facilitating
membrane binding of matrix proteins has been demonstrated
(10, 61). However, how the M1 is brought to the assembly site
remains unknown.

Since cytoskeletal components of host cells are involved in
protein transport and RNA sorting (20, 30, 49, 69), we have
examined their role in the viral assembly and budding pro-
cesses. Cytoskeletal components undergo alteration during vi-
rus infection (8, 57, 71) and appear to be involved in virus
assembly and budding of enveloped viruses including ortho-
myxo- and paramyxoviruses (4, 13, 16). Drugs disrupting cy-
toskeletal components (actin and microtubule) affect the po-
larized transport of viral HA (56). Immunofluorescence
studies have suggested the colocalization of actin and M1 in
influenza virus-infected CV-1 cells (6). Triton X-100 (TX-100)
detergent extraction of virus-infected cells has indicated a pos-
sible interaction of HA with cytoskeletal components in
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MDCK cells (66). However, these studies did not distinguish
between the interaction of viral components with TX-100-in-
soluble lipids and TX-100-insoluble cytoskeletal components.
Consequently, the nature and function of such interaction in
the sorting and transport of viral proteins and in viral morpho-
genesis including assembly and budding are not known. As a
step toward understanding the processes involved in virus as-
sembly and the role of host components in viral morphogene-
sis, we have initiated studies to investigate the interaction of
viral components with the host membrane and cytoskeleton. In
this study, we have examined the complex interaction of M1
and NP with cytoskeletal components in influenza virus-in-
fected cells.

MATERIALS AND METHODS

Cells, virus, and antibodies. Madin-Darby bovine kidney (MDBK) and Ma-
din-Darby canine kidney (MDCK) cells were obtained from the American Type
Tissue Culture Collection and maintained as previously described (51). Temper-
ature-sensitive (ts) mutants of WSN virus were plaque purified and grown at the
permissive temperature (338C) as reported previously (27, 63). Influenza virus
A/WSN/33 (H1N1) was plaque purified on MDBK cells, and virus stocks were
made from individual plaques as previously described (51). PFU and hemagglu-
tination (HA) units were determined as described previously (51). Typical titers
of virus stocks ranged from 5 3 107 to 5 3 108 PFU/ml. The vaccinia virus
recombinant VP273-expressing M1 protein was obtained from E. Paleotti and
propagated as reported previously (6); it had a titer of 2 3 108 pfu in CV-1 cells.
Transfected MDCK cells stably expressing M1 were obtained as described pre-
viously (28). Briefly, a cDNA encoding the A/PR/8/34 M1 was cloned under the
control of the metallothionein promoter of pMEP4 (Invitrogen, San Diego,
Calif.). Hygromycin-resistant clones were selected, and M1 was expressed by
induction with Cd21 and analyzed by immunofluorescence and immunoprecipi-
tation assays. Polyclonal anti-WSN antibodies were made in rabbits by using
purified virus. Monoclonal anti-M1 antibodies were obtained from Brian Murphy
(National Institute of Allergy and Infectious Diseases), and polyclonal anti-NS1
antibodies were a gift of Peter Palese (Mt. Sinai). Monoclonal anti-tubulin,
anti-vimentin, and anti-actin antibodies were purchased from Sigma.
Radiolabeling and immunoprecipitation. Influenza virus (10 PFU/cell) was

adsorbed to 5 3 106 MDBK cells for 1 h at room temperature. The infected cells
were then incubated at 378C in Dulbecco’s minimal essential medium (DMEM)
plus 2.5% fetal bovine serum (FBS). At the indicated time postinfection (p.i.),
cells were starved in MEM minus methionine and cysteine for 30 min and labeled
for 15 min with 100 mCi each of [35S]Translabel and [35S]cysteine per ml.
Labeling medium was then replaced with the chase medium (MEM supple-
mented with 2.5% FBS, 10 mM cysteine, and 10 mM methionine) and chased for
various times. The cells were then either extracted with TX-100 detergent or
fractionated into nuclear and cytoplasmic fractions. Each fraction was then
diluted 10-fold with RIPA buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1.0%
TX-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1.0 mM
phenylmethylsulfonyl fluoride) and incubated at 48C with gentle shaking for 30
min. The samples were cleared by centrifugation at 1,000 3 g for 5 min. Upon the
addition of anti-WSN rabbit polyclonal antibodies, samples were incubated fur-
ther for 2 h at 48C. Subsequently, 7.5 mg of protein A-Sepharose (Pharmacia)
was added to each sample, and the mixture incubated for 1.5 h at 48C. The
immunoprecipitates bound to Sepharose beads were pelleted by centrifugation
and washed in 1.0 ml of RIPA buffer containing 5 mg of bovine serum albumin
per ml, followed by another wash with 1.0 ml of RIPA buffer. Immunoprecipi-
tates were then dissolved in SDS sample buffer (50 mM Tris-HCl [pH 6.8], 5%
2-mercaptoethanol, 2% SDS, 10% [wt/vol] glycerol, 0.1% [wt/vol] bromophenol
blue) at 958C for 5 min and analyzed by 1% SDS–polyacrylamide gel electro-
phoresis (PAGE) (10% polyacrylamide) (29).
Nuclear and cytoplasmic fractionation. The procedures used for nuclear and

cytoplasmic fractionation of virus-infected cells were essentially the same as
reported previously (55), with a few modifications. Briefly, infected cells were
scraped into 1.0 ml of phosphate-buffered saline containing Ca21 and Mg21

(PBS21) and pelleted at 1,000 3 g for 5 min. The resulting cell pellet was
resuspended in TMN buffer (10 mM Tris-HCl [pH 7.2], 3.0 mM MgCl2, 140 mM
NaCl, 1.0% Nonidet P-40, 1.0% TX-100, 0.5% sodium deoxycholate) plus apro-
tinin (100 kallekrein units/ml [final concentration]) and incubated on ice for 30
min. The cell preparation was then passed through a 26-gauge hypodermic
needle 20 times and centrifuged for 5 min at 1,000 3 g. For Western blot analysis,
aliquots of the supernatant (cytoplasmic) and the pellet (nuclear) fractions were
resuspended in SDS sample buffer and used for SDS-PAGE analysis. For im-
munoprecipitation, the nuclear fraction was incubated for 10 min at 958C and
then passed through a 26-gauge needle another 20 times and centrifuged at
1,000 3 g for 5 min to remove the insoluble debris. The nuclear and cytoplasmic
fractions were diluted 20-fold with RIPA buffer and immunoprecipitated with
specific antibodies as described above.

Detergent extraction. Two procedures were used for detergent extraction. In
one, virus-infected cell monolayers were extracted directly on tissue culture
plates by a modified procedure of Morrison and McGinnes (43). Briefly, cell
monolayers were washed twice with 1.0 ml of ice-cold PBS21 and then once with
1.0 ml of extraction buffer (EB) (0.05 M NaCl, 0.003 M KCl, 0.01 M HEPES [pH
7.4], 2.5 mM MgCl2, 0.3 M sucrose). The monolayers were then extracted on ice
with 0.5 ml of EB containing 1.0% TX-100 with intermittent rocking for 20 min,
and the supernatant (TX-100-soluble fraction) was removed directly from the
culture dish. The remaining insoluble cellular material was washed once with
DDB (10 mM NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl [pH 7.5]) without deter-
gent, resuspended in 0.5 ml of DDB containing 1% Tween 40 and 0.5% sodium
deoxycholate, incubated for 5 min on ice, and subsequently passed through a
26-gauge needle 20 times. Nuclei appeared intact and free from membranous
and cytoskeletal components when examined by light microscopy. The cell ma-
terial was then centrifuged for 5 min at 1,000 3 g to separate the cytoskeletal
framework (supernatant) from the nuclei (pellet). We also analyzed the recovery
of total proteins in the TX-100-soluble and insoluble fractions by using parallel
dishes, one for TX-100 extraction and the other for total proteins. We observed
that the combined recovery of viral proteins in both TX-100-soluble (S) and
insoluble (I) samples was over 90% of the total (data not shown). The percentage
of proteins present in S and I fractions was calculated from the amount of total
proteins present in S and I fractions. In the other procedure, modified from that
of Brown and Rose (5), cells were scraped into EB without detergent, mixed
gently with an equal volume of EB containing 2% TX-100, and incubated in ice
for 5 min. The mixture was then centrifuged at 1,000 3 g for 5 min to isolate the
TX-100-soluble fraction. The pellet fraction was treated with DDB containing
1% Tween 40 and 0.5% sodium deoxycholate as above to separate the cytoskel-
etal component from nuclei. Both procedures yielded similar results.
Western blot analysis. Samples were separated under reducing conditions by

SDS-PAGE (10% polyacrylamide) in a minigel apparatus (Bio-Rad) before
overnight electrotransfer (250 mA) onto nitrocellulose membranes (Schleicher
& Schuell) in a blotting buffer (25 mM Tris-HCl [pH 7.2], 190 mM glycine, 20%
methanol). The membranes were then incubated for 30 min in blocking buffer
(WBB) (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween 20, 3% [vol/vol]
nonfat milk). They were subsequently incubated with either an anti-M1, anti-
actin, or anti-HA monoclonal antibodies for 1 h and washed three times with
WBB. Finally, a WBB solution containing secondary alkaline phosphatase-con-
jugated goat anti-mouse antibodies (Cappel) was applied to the membranes for
1 h. The membranes were developed with 5-bromo-4-chloro-3-indolylphosphate
toluidinium–nitroblue tetrazolium (BCIP/NBT) phosphatase substrate (Kirke-
gaard & Perry Laboratories, Inc.) diluted 1:2 in 100 mM Tris-HCl (pH 9.5).
Indirect immunofluorescent staining. MDBK cells (4 3 105) were grown

overnight in tissue culture chamber slides (Nunc) and synchronously infected
with WSN virus at a multiplicity of infection (MOI) of 5 for 1.0 h at 48C.
Subsequently, 1.5 ml of prewarmed (378C) DMEM containing 2.5% FBS was
added to the cell monolayers for 7.0 h. Infected cells were then fixed with 100%
acetone at 2208C for 20 min and stained with anti-M1, anti-NP, anti-tubulin, and
anti-vimentin monoclonal antibodies (55). Filamentous actin was stained with
rhodamine-phalloidin (Molecular Probes Inc.) as described previously (1). Cel-
lular actin was disrupted with cytochlasin D (Sigma) as described previously (7).
Northern blot analysis. A plus-strand-specific 32P-labeled riboprobe was tran-

scribed from a PR8 M1 viral cDNA clone (provided by Peter Palese) by T7 RNA
polymerase as suggested by the supplier (Promega). Total cellular RNA was
extracted from 5 3 106 MDBK cells infected with WSN virus at an MOI of 10 at
the specific time postinfection by the hot-phenol method (58). The RNA was
fractionated in a 1% agarose gel and denatured in situ for subsequent blotting
onto a nytran membrane (Schleicher & Schuell) as described previously (58).
The blot was prehybridized for 2 h at 428C in a hybridization buffer containing
50% formamide and then hybridized with the labeled probe at the same tem-
perature overnight. Subsequently, the blot was washed three times for 20 min at
room temperature with 13 SSC (0.15 M NaCl plus 0.015 M sodium citrate)–
0.1% SDS at room temperature for 20 min each. The membrane was washed
three more times in 0.13 SSC at 528C for 20 min each (58). The hybridization
signal was then detected by autoradiography.

RESULTS

Nuclear-cytoplasmic distribution of M1 and NP in influenza
virus-infected MDBK cells. Influenza virus M1 and NP are
present in both the nucleus and cytoplasm (6, 50) and appear
to possess nuclear targeting signals (75). However, the nuclear
and cytoplasmic localizations of M1 and NP appears to depend
on the time of the infectious cycle, i.e., early versus late (55,
72), and modifications such as phosphorylation (73). Since in
this study we wanted to investigate the interactions of cytoplas-
mic M1 and NP with host components, we examined the cyto-
plasmic and nuclear distribution of M1 and NP in virus-in-
fected cells. Accordingly, MDBK cells were infected with WSN
virus at an MOI of 10 and separated into nuclear and cyto-
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plasmic fractions at 7 h p.i. as described in Materials and
Methods. The nuclear and cytoplasmic fractions were analyzed
for cellular actin and viral HA and M1 by Western immuno-
blotting with monoclonal antibodies against actin, HA, or M1.
We observed that when fractionation was performed with EB
containing 1% Nonidet-40, 1% TX-100, and 0.5% sodium de-
oxycholate along with a homogenization step through a 26-
gauge needle, nuclear fractions were essentially free from cy-
toskeletal or membrane structures. Western blot analysis (Fig.
1A) showed that nuclear fractions did not contain any influ-
enza virus HA and contained only trace amounts (,10%) of
cellular actin. Over 90% of the M1 protein fractionated with
the cytoplasmic fraction, while only a minor population
(,10%) appeared in the nuclear fraction (Fig. 1A). These
results show that at 7 h p.i. the majority of M1 protein was
present in the cytoplasmic compartment of WSN-infected
MDBK cells.

To determine the time necessary to reach the steady-state
distribution of M1 and NP in the cytoplasmic and nuclear
compartments, we performed pulse-chase experiments. Ac-
cordingly, virus-infected cells at 7 h p.i. were pulse-labeled for
15 min and chased for various periods as described in Mate-
rials and Methods. The cells were harvested after specified
chase periods and fractionated into cytoplasmic and nuclear
fractions. The fractions were immunoprecipitated with anti-
WSN polyclonal antibodies and analyzed by SDS-PAGE (10%
polyacrylamide). Initially, the labeled M1 protein was found
only within the cytoplasmic fraction (Fig. 1B, 09), but with
chase, a small fraction (,10%) of the labeled M1 appeared in
the nucleus and reached a steady state by 60 to 90 min (Fig.
1C). These results were similar to the ratios of nuclear and

cytoplasmic M1 obtained by Western blotting (Fig. 1A) and
show that at 7 h p.i. a steady-state distribution of the nuclear
and cytoplasmic M1 protein was reached by approximately 90
min after its synthesis and that the major population of M1
protein was present in the cytoplasm late in the infectious
cycle. The labeled NS1 was found only in the cytoplasmic
fraction even though NS1 is a nuclear protein and is abun-
dantly found in the nucleus (15). Since the whole virus anti-
bodies used in these experiments did not contain anti-NS1
antibodies, the presence of NS1 in the cytoplasmic fraction
would indicate complex formation between NS1 and one or
more viral components in the cytoplasm. Although NS1 was
prominent in the cytoplasmic fraction at 60 min of chase, it was
also present at earlier times of chase, as evident from a longer
exposure (Fig. 1C). The presence of NS1 in the immunopre-
cipitate was identified by Western blot analysis of the immu-
noprecipitate with polyclonal anti-NS1 antibodies (data not
shown). Unlike M1, a significant fraction of NP (15 to 20%)
was found in the nucleus within the pulse time and increased to
40% by 60 min of chase (Fig. 1B). Thus, the kinetics of nuclear
translocation of M1 and NP were different in virus-infected
cells, as reported previously (72).
Interaction of WSN M1 with cytoskeletal components. To

determine if influenza virus proteins were associated with cy-
toskeletal elements, we extracted virus-infected cells with non-
ionic detergents. Monolayers of WSN-infected MDBK cells at
7 h p.i. were extracted with TX-100 to isolate the TX-100-
soluble, TX-100-insoluble, and nuclear fractions as described
in Materials and Methods and analyzed by Western blotting
(Fig. 2A). The cytoplasmic TX-100-resistant component has
been operationally defined as the cytoskeletal framework (3,
26, 43). The extraction procedure used in this study shows that
approximately 50% of the actin existed as the soluble form (g
actin) and the remaining 50% existed as the filamentous TX-
100-insoluble form (f actin), as has been reported for non-
muscle cells (59), and, again, none was present in the nuclear
fraction (Fig. 2A), even after overstaining (data not shown). In
preliminary experiments to optimize the extraction procedure,
the extraction period and TX-100 concentration were varied.
Essentially, similar results were obtained whether the cells
were incubated with TX-100 for 2, 5, 10, or 20 min or with
different concentrations (0.25, 0.5, and 1.0%) of TX-100 (data
not shown). Therefore, to ensure complete extraction, the cell
monolayers were treated with 1% TX-100 for 20 min in all
experiments unless otherwise specified. The results were sim-
ilar when the TX-100 extraction procedure of Brown and Rose
(5) was used (data not shown).

The results of the Western blot analysis also show that the
nuclear fraction was free from any HA and actin, as expected
(Fig. 2A). The TX-100-insoluble fraction contained higher-
molecular-weight HA, while the lower-molecular-weight HA
was present predominantly in the TX-100-soluble fraction
(Fig. 2A). These results agree with the previous data that only
the HA which had undergone complex glycosylation and ac-
quired higher molecular weight and exhibited endo-b-N-
acetylglucosaminidase H resistance became resistant to TX-
100 extraction (66). The M1 protein, predominantly present in
the cytoplasmic fractions, was essentially distributed equally
between the TX-100-soluble and -insoluble fractions. Again,
only a minor population of the M1 protein was found in the
nuclear fraction. These results show that in virus-infected cells
at 7 h p.i., the cytoplasmic M1 (Fig. 2A) and NP (data not
shown) proteins existed in two different populations: TX-100-
soluble and TX-100-insoluble M1.

Pulse-chase experiments were then performed to determine
the kinetics by which the M1 and NP proteins acquired resis-

FIG. 1. Cytoplasmic and nuclear fractionation of WSN-infected MDBK cells.
Monolayers of MDBK cells (5 3 106) were infected with WSN virus at an MOI
of 10. (A) At 7 h p.i., infected cells were harvested and fractionated into nuclear
(N) and cytoplasmic (C) fractions, analyzed by SDS-PAGE, and subjected to
Western blot analysis with monoclonal anti-HA (HA), anti-actin (actin), or
anti-M1 (M1) antibodies. (B) For pulse-chase experiments, infected cells were
labeled for 15 min with [35S]cysteine (100 mCi) and [35S]Translabel (100 mCi) at
7 h p.i. and chased for various times. Nuclear and cytoplasmic fractions were then
subjected to immunoprecipitation with polyclonal anti-WSN rabbit antibodies,
and immunoprecipitates were analyzed by SDS-PAGE as described in Materials
and Methods. (C) Overexposure of M1 and NS1 in panel B.
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tance to TX-100 extraction. Accordingly, WSN-infected
MDBK cells at 6.5 h p.i. were pulse-labeled and chased as
described in Materials and Methods. The labeled cells were
fractionated into TX-100-soluble and -insoluble fractions, im-
munoprecipitated with anti-WSN virus polyclonal antibodies,
and subjected to SDS-PAGE analysis (Fig. 2B). The results
show that immediately after synthesis, the M1 protein was
present predominantly in the TX-100-soluble fraction (lanes
0.0) and that during the chase, a population of the M1 protein
acquired resistance to TX-100 extraction with a t1/2 of 20 min.
The maximum amount of M1 that became resistant to TX-100
extraction was about 70 to 80% and was seen within 45 min of
chase (Fig. 2B, lanes 0.75). NP, on the other hand, became
resistant to TX-100 extraction faster than M1, because a sig-
nificant amount of NP became TX-100 insoluble within 15 min
of pulse-labeling and the level of TX-100 insolubility of NP
essentially remained the same during the chase. Again, HA
was essentially completely TX-100 soluble immediately after
the pulse, and with the chase only the higher-molecular-weight
HA became TX-100 insoluble. During the later chase period of
1.5 and 2.0 h (Fig. 2B, lanes 1.5 and 2.5), the signal for the
higher-molecular-weight HA became less discernible as it was
cleaved into HA1 and HA2 and/or released in virus particles.
The kinetics of TX-100 insolubility for M1 and NP were es-
sentially similar to the above when monoclonal anti-M1 and
anti-NP antibodies were used for immunoprecipitation (data
not shown).

We also examined the actin content of the same TX-100-
soluble and -insoluble fractions used in Fig. 2B by Western blot
analysis with anti-actin antibodies. The actin content was es-
sentially the same in all samples, with an equal distribution
between soluble and insoluble fractions. These internal actin
controls also demonstrated the consistency of the extraction

procedure (Fig. 2C). Interestingly, NS1 was detected predom-
inantly in TX-100-insoluble fractions (Fig. 2B). However,
again since no anti-NS1 antibody was present in the whole-
virus antibodies, the TX-100 insolubility of NS1 protein ob-
served here was due to its possible interaction with another
TX-100-insoluble viral component. The kinetics of the TX-100
insolubility of NS1 with anti-NS1 antibodies were not deter-
mined. To investigate if viral proteins became TX-100 insolu-
ble in another permissive cell line, we performed pulse-chase
experiments with WSN-infected MDCK cells. The results show
that viral proteins including HA, NP and M1 also became
TX-100 insoluble after a 90-min chase (see Fig. 6C), as above
in MDBK cells.

The acquired resistance of influenza virus proteins to TX-
100 extraction could be due to their association with cytoskel-
etal components via protein-protein interaction or their asso-
ciation to TX-100-insoluble lipids (5, 39, 67). Therefore, to
determine the cause of the TX-100 insolubility of viral pro-
teins, WSN-infected MDBK cells were pulse-labeled at 7 h p.i.
and chased for 60 min as above and extracted with a number of
detergents. The results indicated that upon extraction with
TX-100, Triton X-114 (TX-114), 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonate (CHAPS), or octylglu-
coside (OG), over 50% of M1, NP, and NS1 remained resistant
to extraction at the end of 1 h of chase (Fig. 3). HA, on the
other hand, exhibited a different profile with OG extraction
(Fig. 3, lanes O.G.). The high-molecular-weight HA which
exhibited TX-100 resistance after 60 min of chase remained
resistant to CHAPS and TX-114 but became totally soluble to
OG extraction. Again, analysis of actin in the same soluble and
insoluble samples showed an equal distribution between solu-
ble and insoluble fractions (Fig. 3, bottom panel).

These results indicate that the TX-100 insolubility of M1,

FIG. 2. TX-100 detergent extraction of WSN-infected MDBK cells. (A) At 7 h p.i., virus-infected cells were subjected to TX-100 extraction as described in Materials
and Methods and fractionated into TX-100-soluble (S), TX-100-insoluble (I), and nuclear (N) fractions. For Western blot analysis, fractions were analyzed by
SDS-PAGE, blotted, and incubated with either anti-HA (HA), anti-actin (actin), or anti-M1 (M1) monoclonal antibodies. The nuclear fraction did not contain either
of these proteins, and the TX-100-insoluble fraction (I) contained predominantly the high-molecular-weight HA. (B) For pulse-chase analysis, WSN-infected cells at
6.5 h p.i. were labeled for 15 min with [35S]cysteine (100 mCi) and [35S]Translabel (100 mCi) and chased for various times. Cells were then fractionated into
TX-100-soluble (S), TX-100-insoluble (I), and nuclear fractions. The TX-100-soluble and -insoluble fractions were immunoprecipitated with polyclonal anti-WSN
antibodies and analyzed by SDS-PAGE. Numbers at the bottom indicate the chase time in hours. (C) Aliquots (50 ml [1/10]) of the samples in panel B were subjected
to Western blot analysis for actin. Note that essentially the same amount of actin was present in all samples.
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NS1, and NP was due predominantly to protein-protein inter-
action with cytoskeletal components whereas the TX-100 in-
solubility of HA was probably due to its interaction with TX-
100-insoluble lipids such as glycosphingolipids. Furthermore,
we have previously shown that influenza virus NA also ac-
quired TX-100 insolubility because of its interaction with TX-
100-insoluble lipids and that this lipid-protein interaction
played an important role in apical sorting of a type II trans-
membrane protein (28), as has been reported for glycosyl
phosphatidylinositol (GPI)-anchored apical proteins (5).

The cellular distribution and localization of M1 and NP in
WSN-infected MDBK cells were examined by indirect immu-
nofluorescence. Accordingly, WSN-infected MDBK cells at
7.0 h p.i. were stained for actin filaments, intermediate fila-
ments, and microtubules as well as for M1 and NP. The results
show that late in the infectious cycle, M1 and NP exhibited
distinct morphology but similar cellular distribution. At 7 h p.i.,
both M1 and NP were predominantly cytoplasmic (Fig. 4), as
has been observed previously (55, 72). M1 exhibited diffuse
and homogeneous staining, whereas NP exhibited punctuate
and granular staining throughout the cytoplasm (Fig. 4, panels
1 and 7). Both M1 and NP exhibited characteristic staining at
the leading edge of cells (panels 1 and 7, large arrowheads),
invariably present in all WSN-infected cells, and these leading
edges were also enriched in actin filaments (panels 3 and 8,
large arrowheads). However, it should be noted that not all
leading edges containing enriched actin filaments exhibited
staining for NP (panels 7 and 8, small arrowhead) or M1 (data
not shown). These results demonstrate that the observed co-
localization of M1 and NP with actin filaments was not due to
leaking of fluorescein and rhodamine stains through the filters.

Also, some of the punctate NP staining could be seen colocal-
ized with microfilaments (data not shown). However, except
along the leading edge, the colocalization of M1 and actin
filaments could not be demonstrated because of the diffuse and
homogeneous staining of M1 throughout the cytoplasm. Also,
since 100% of M1 (or NP) was not bound to cytoskeleton (Fig.
2), unbound soluble M1 would mask the colocalization of M1
to microfilaments when stained by immunofluorescence. Also,
immunofluorescence staining following detergent extraction
was very inefficient for both actin and viral proteins (data not
shown). However, when the distribution of actin filaments was
disrupted with cytochasin D treatment, actin showed a char-
acteristic intracellular clumping throughout the cytoplasm, ex-
tending to the periphery of cells (Fig. 4, panel 6), as has been
reported previously (7). Following cytochalasin D treatment,
M1 in virus-infected cells also showed drastic morphological
alteration, changing from a homogeneous (in untreated cells)
to clumping (panel 5) distribution, which colocalized with the
actin distribution (panel 6). NP also showed a similar distribu-
tion and colocalized with actin after cytochalasin D treatment,
which was particularly discernible toward the periphery of the
cells (panels 10 and 11, arrowheads). Unlike the microfila-
ments, neither the intermediate filaments (vimentin) nor the
microtubules (tubulin) extended to the periphery of cells;
therefore, they were unlikely to be involved in interacting with
either M1 or NP, both of which were present, particularly at
the leading edge of the cell periphery. Furthermore, viral in-
fection at least up to 7 h p.i. did not alter the morphological
distribution of microfilaments, intermediate filaments, or mi-
crotubules (data not shown). Also, under our extraction con-
ditions at 48C, more than 95% of the microtubules were ex-
tracted in the soluble fraction, although more than 50% of M1
remained insoluble (Fig. 5). Also, when microtubules were
stabilized with Taxol or disrupted using nocodazole, there was
no increase or decrease in the distribution of M1 or NP in
TX-100-soluble and -insoluble fractions (data not shown).
These morphological and biochemical data, taken together,
support the notion that M1 and NP in WSN-infected cells
interacted predominantly with microfilaments and not with
microtubules or intermediate filaments, although some inter-
actions of either of these cytoskeletal elements with viral pro-
teins could not be ruled out.
M1 requires other viral component(s) to acquire TX-100

insolubility. To determine if WSN M1 and NP proteins alone
were capable of interacting with the host cytoskeletal elements
and thus becoming TX-100 resistant in the absence of other
influenza virus proteins, we transiently expressed M1 and NP
by using recombinant vaccinia virus in HeLa and MDCK cells
or made stable MDCK cells expressing M1 under an inducible
promoter (28). These experiments were done in HeLa and
MDCK cells because MDBK cells are not permissive for vac-
cinia virus and are highly sensitive to the toxicity of CdCl2 used
for induction. When M1 was expressed alone by using recom-
binant vaccinia virus in HeLa cells, M1 remained soluble and
did not become resistant to TX-100 extraction after a 90-min
or longer chase (Fig. 6). Similar results were obtained using
recombinant vaccinia viruses in MDCK cells (data not shown).
However, the expression of proteins in MDCK cells by recom-
binant vaccinia viruses was lower than that in HeLa cells. On
the other hand, NP, as in WSN-infected cells, acquired TX-100
resistance during the pulse and remained TX-100 resistant
during the chase (Fig. 6A). It is possible that vaccinia virus
proteins were interfering with the polymerization of actin fil-
aments and interaction of M1 with cellular cytoskeletal com-
ponents. However, this was unlikely, since the TX-100 insolu-
bility of influenza virus NP remained unaffected in the

FIG. 3. Differential detergent extraction of WSN-infected MDBK cells. In-
fected MDBK cells at 7 h p.i. were labeled for 15 min and chased for 60 min as
described in Materials and Methods. EB containing various detergents (TX-100,
TX-114, CHAPS, and OG was used to extract the monolayers. Samples were
immunoprecipitated with anti-WSN polyclonal sera and subjected to SDS-PAGE
(10% polyacrylamide). The bottom panel shows the Western analysis of S and I
fractions analyzed for actin distribution as described in the legend to Fig. 2.
Chase times in min are noted at the bottom of the fluorograph.
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recombinant vaccinia virus expression system (Fig. 6A), as did
Sendai virus M protein expressed by recombinant vaccinia
viruses (60). Finally, we examined stable cell lines of MDCK
cells expressing M1 protein by using an inducible promoter for
TX-100 resistance of M1. Again, the M1 expressed alone in
MDCK cells did not acquire TX-100 resistance even after a
total 3-h pulse-chase, whereas M1 in WSN-infected MDCK

cells became TX-100 resistant only after a 90-min chase (Fig.
6C).

The above data demonstrate that M1 does not directly bind
to the cytoskeleton (TX-100 insolubility) but requires interac-
tion with other viral components to acquire TX-100 insolubil-
ity. Since M1 is likely to interact with viral RNP and since NP
was observed to acquire TX-100 insolubility faster than M1 did

FIG. 4. Intracellular distribution of M1, NP, actin, tubulin, and vimentin in WSN-infected cells. MDBK cells were synchronously infected with of WSN virus (MOI,
10) at 48C for 1 h. At 7 h p.i., infected cells were fixed and stained by indirect immunofluorescence. Panels: 1, anti M1; 2, anti-b-tubulin; 3, rhodamine-phalloidin; 4,
anti-vimentin; 5, anti-M1; 6, rhodamine-phalloidin; 7, anti-NP; 8, rhodamine-phalloidin; 9 mock-infected, anti-M1; 10, anti-NP; 11, rhodamine-phalloidin; 12,
mock-infected, anti-NP. Cells in panels 5, 6, 10, and 11 were treated with 1.0 mM of cytochalasin D for 30 min at 6.5 h p.i. before being fixed and stained. Cells in panels
5 (anti-M1) and 6 (phalloidin), panels 7 (anti-NP) and 8 (phalloidin), and panels 10 (anti-NP) and 11 (phalloidin) were costained. Note the accumulation of M1 (panel
1) and actin (panel 3) at the periphery of the cells (large arrowheads) and the codistribution of M1 (panel 5) and actin (panel 6) following cytochalsin D treatment.
Also, note the colocalization (large arrowhead) of NP (panel 7) and actin filaments (panel 8) and the absence of NP (small arrowhead, panel 7) and presence of actin
filaments (small arrowhead, panel 8) at the periphery of the cells. Note also the colocalization of NP (arrowheads, panel 10) and actin (arrowhead, panel 11) at the
periphery of infected cells after cytochalasin D treatment.
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in WSN-infected cells, we wanted to determine if NP was
responsible for rendering M1 TX-100 insoluble. We therefore
coexpressed M1 and NP by using recombinant vaccinia viruses
at different MOI and determined the TX-100 insolubility after
a 20-min pulse and 90-min chase. The results show that M1 did
not become TX-100 insoluble when coexpressed with NP (Fig.
6B), although NP again became TX-100 resistant in coexpress-
ing cells. The results were similar when different M1/NP ratios
of recombinant vaccinia viruses were used (data not shown).
Recently, Zhang and Lamb (76) reported similar results show-
ing that influenza virus M1 acquired TX-100 insolubility in
influenza virus-infected CV-1 cells but not in transfected CV-1
cells, using vaccinia virus/T7 expression for transiently express-
ing M1 alone or coexpressing M1 with NP or with HA, NA,
and M2.

Since M1 did not acquire TX-100 insolubility when ex-
pressed alone or coexpressed with NP but both became TX-
100 insoluble in influenza virus-infected cells, it is likely that
M1 was acquiring TX-100 insolubility by associating with viral
RNPs which in turn became bound to the cytoskeleton. Since
viral RNPs are formed in the nucleus and exported in the
cytoplasm at a relatively late phase of the infectious cycle, we
determined the TX-100 insolubility of M1 and NP early (2 h
p.i.) and late (6 h p.i.) in the infectious cycle (Fig. 7). The
results show that in WSN-infected MDBK cells, M1 labeled at
2 h p.i. acquired TX-100 insolubility very inefficiently. There
was no detectable TX-100 insolubility of M1 at 1 h of chase,
but approximately 15% of the M1 became TX-100 insoluble
after 3 h of chase (Fig. 7A) whereas at 6 h p.i. M1 acquired
TX-100 insolubility with a t1/2 of 20 min in MDBK cells (Fig.

FIG. 4.—Continued.
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7A). Furthermore, if the chase was continued in the presence
of cycloheximide (50 mg/ml), which prevents viral protein as
well as viral RNA (minus strand) and vRNP synthesis (54, 62),
M1 labeled at 2 h p.i. did not become TX-100 insoluble even
after 3 h of chase (Fig. 7A, lanes 1809 cx). On the other hand,
at 6 h p.i., M1 became TX-100 insoluble even when incubated
in the presence of cycloheximide, suggesting that M1 was in-
teracting with preexisting vRNP in the cytoplasm. The behav-
ior of NP essentially remained same with or without cyclohex-
imide either early or late in the infectious cycle (data not
shown). We also analyzed vRNP (minus-strand) accumulation

in the cytoplasm of parallel cultures of WSN-infected MDBK
cells by Northern blot analysis with plus-strand RNA as probe
(Fig. 7B). At 2 h p.i. and in subsequent chase in the presence
of cycloheximide, little vRNA (vRNP) was present in the cy-
toplasm, whereas at 6 h p.i. abundant amounts of vRNA
(vRNP) were detected in the cytoplasm of WSN-infected cells.
These results would support the notion that the presence of
vRNA (vRNP) was a crucial factor in the M1-cytoskeleton
interaction. Since NS1 is synthesized early in the infectious
cycle (15, 31, 65), it is unlikely to play a major role in rendering
M1 TX-100 insoluble in virus-infected cells.
M1 does not acquire TX-100 insolubility in a ts mutant

(ts56) which is defective in NP at the nonpermissive temper-
ature. ts56 has a defect in NP protein function at the nonper-
missive temperature (39.58C), which results in inhibiting the
synthesis of cRNA and vRNA (vRNP) and secondary tran-
scription but not primary transcription (27, 32, 63). Since NP is
known to be a critical factor in switching from transcription to
replication of viral RNA and vRNP synthesis, we wanted to
determine if the TX-100 insolubility of M1 was affected when
vRNA (vRNP) production was interfered with in ts56-infected
cells at the nonpermissive temperature. At 5 h p.i., the TX-100
insolubility of both M1 (Fig. 8A) and NP (Fig. 8B) was similar
in wild-type (WT) WSN virus-infected MDBK cells at both the
permissive (338C) and nonpermissive (39.58C) temperatures.
The rate of protein synthesis was higher at 39.58C than at 338C
for WSN virus, as expected. At the permissive temperature, in
ts56-infected cells, both NP and M1 exhibited a similar TX-100
resistance as in the WT WSN-infected cells (Fig. 8). At the
nonpermissive temperature, both M1 and NP synthesis were
reduced in ts56-infected cells as expected, since only primary
transcription but not secondary transcription occurred in ts56-
infected cells and the NP was localized primarily in the nucleus
by immunofluorescence (data not shown). However, in ts56-
infected cells, the NP produced at the nonpermissive temper-
ature exhibited similar behavior to the WT NP in the WSN-

FIG. 5. Distribution of cytoskeletal proteins from TX-100-extracted mock-
infected or WSN-infected MDBK cells. Mock- or WSN-infected MDBK cells at
7 h p.i. were extracted with TX-100 detergent and subjected to Western blot
analysis as described previously. Soluble (S) and insoluble (I) fractions were
subjected to SDS-PAGE (10% polyacrylamide) and transferred to nitrocellulose
membranes. The membranes were then incubated with anti-tubulin, anti-vimen-
tin, anti-actin, and anti-M1 monoclonal antibodies. There was no difference in
the distribution of tubulin, vimentin, or actin before or after WSN-infection, and
over 95% of tubulin was present in the soluble fraction.

FIG. 6. TX-100 extraction of NP and M1 expressed by recombinant vaccinia virus in HeLa cells and in stable MDCK cell lines. (A) Individual expression of M1
and NP. HeLa cells were infected with recombinant vaccinia viruses (MOI, 10) expressing either M1 or NP or WT vaccinia virus. Infected cells at 5 h p.i. were
pulse-labeled (lanes P) for 20 min with 200 mCi of [35S]Translabel and chased (lanes C) for 3 h. Infected cells were extracted with TX-100, and soluble (S) and insoluble
(I) fractions were isolated and immunoprecipitated with either anti-M1 (M1) or anti-NP (NP) monoclonal antibodies. (B) Coexpression of M1 and NP in HeLa cells.
HeLa cells were coinfected with each recombinant vaccinia virus (MOI, 5) expressing M1 and NP. The cells were labeled and chased as above and extracted with TX-100
detergent. Soluble (S) and insoluble (I) samples were equally divided and immunoprecipitated with anti-M1 or anti-NP monoclonal antibodies. VAC, WT vaccinia virus.
Note that some vaccinia virus proteins (VAC, open arrowheads) coprecipitated with anti-NP monoclonal antibodies and that M1 always remained TX-100 soluble, even
after 3 h of chase. Similar results were obtained when cells were coinfected with M1 (MOI, 2) and of NP (MOI, 8) vaccinia viruses (data not shown). (C) M1 expression
in stable MDCK cell line and WSN-infected MDCK cells. WSN-infected MDCK cells were pulse-labeled for 15 min (lanes 2 and 3) and chased for 90 min (lanes 4
and 5). MDCK stable cells lines expressing M1 (lanes 1, 6, and 7) were pulse-labeled for 90 min and chased for 90 min. Total (T, lane 1) and TX-100-soluble (S, lane
6) and -insoluble (I, lane 7) samples were immunoprecipitated with anti-WSN antibodies. M1 did not became TX-100 insoluble even after a total of pulse and chase
of 3 h.
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infected cells and became partially TX-100 insoluble (Fig. 8B).
However, M1, which was produced at the nonpermissive tem-
perature in ts56-infected cells, remained predominantly TX-
100 soluble (Fig. 8A, lanes 39.58C), again supporting the idea
that M1 needed vRNP in the cytoplasm to acquire TX-100
insolubility. To determine if the nonpermissive temperature
rendered M1 TX-100 soluble in ts56-infected cells, ts56-in-
fected cells were incubated and labeled at the permissive tem-
perature (338C) and then shifted to the nonpermissive temper-
ature (39.58C) during the chase. The results show that after the
temperature shift, M1 acquired TX-100 insolubility (Fig. 8A,
lanes 338–39.58C). Since earlier studies have shown that vRNA
(vRNP) production is immediately stopped following the tem-
perature shift (33), these results would suggest that M1 does
not need newly synthesized vRNP to become TX-100 insoluble
and can bind to preexisting vRNP in the cytoplasm. Taken
together, these results would support the notion that to acquire
TX-100 insolubility, M1 needs vRNP in the cytoplasm. Unlike
ts56, a ts mutant of M1 (ts51) exhibited similar TX-100 insol-
ubility to the wild-type M1 (data not shown), except that less
M1 was present in the cytoplasm after the chase, as expected
(55, 73).

DISCUSSION

Morphogenesis of influenza virus is a complex process, oc-
curring at the plasma membrane, and involves interactions
among viral structural components including the viral trans-

membrane proteins, matrix protein, nucleocapsid (vRNP), and
host cell plasma membrane (47). How these structural viral
components are brought to the site of assembly and how they
interact with each other are largely unknown. The viral matrix
protein (M1), presumably juxtaposed between the viral enve-
lope and nucleocapsid, appears to play a critical role in the
assembly process. A defect in M1 interferes with particle for-
mation (74). It has been shown that late in the infectious cycle,
vRNPs are exported out of the nucleus into the cytoplasm and
cytoplasmic M1 prevents newly synthesized vRNPs from reen-
tering the nucleus (72), possibly by interacting with vRNP. It
was further postulated that the cytoplasmic M1-vRNP interac-
tion facilitates the movement of vRNP to the plasma mem-
brane, where budding takes place (72). Previous workers have
shown that cytoskeletal components are involved in the trans-
port of viral proteins and may play a role in viral morphogen-
esis, including the budding of enveloped viruses (4, 9, 12, 21,
24, 41, 43, 44, 71). In this study, we have examined the inter-
action of influenza virus proteins, particularly M1 and NP, with
cytoskeletal components in infected MDBK and MDCK cell
lines which are productive for WSN influenza virus infection.

Our studies, involving both morphological and biochemical
analyses, show that in influenza virus-infected cells the cyto-
plasmic M1 and NP became associated with microfilaments
whereas viral glycoproteins interacted with TX-100-insoluble
lipids. In earlier studies, actin filaments were shown to interact
with structural components of a number of enveloped and
nonenveloped viruses. For example, M proteins of Sendai virus
and Newcastle disease virus can bind actin in vitro (12). Nu-

FIG. 7. TX-100 extraction of M1 protein synthesized early versus late in the
virus replication cycle. (A) WSN-infected MDBK cells labeled at 2 and 6 h p.i.
and chased for 3 h in the presence or absence of 1.0 mM cycloheximide. Virus-
infected cells (5 3 106) were incubated at 1.5 or 6.0 h p.i. in starvation medium
for 30 min. The cells were subsequently labeled with 100 mCi each of [35S]Trans-
label and [35S]cysteine for 15 min. They were then washed twice with PBS21 and
overlaid with prewarmed DMEM–2.5% FBS supplemented or not with 1.0 mM
cycloheximide (cx) during the chase for the indicated period (in minutes). The
cells were extracted with TX-100, and soluble (S) and insoluble (I) fractions were
immunoprecipitated with anti-WSN polyclonal sera. (B) Total cellular RNAs
from parallel WSN-infected MDBK cells in panel A were isolated and subjected
to Northern blot analysis for M1 vRNA content. The blot was hybridized with a
32P-labeled T7-generated riboprobe specific for M1 vRNA at 428C overnight, in
hybridization buffer containing 50% formamide. The blot was then washed under
the conditions described in Materials and Methods. Note that at 2 h p.i., M1 did
not became TX-100 insoluble in the presence of cycloheximide (cx) even after 3 h
of chase (A) and that vRNA was not detected under these conditions (B).

FIG. 8. TX-100 detergent extraction of ts56-infected MDBK cells. MDBK
cells (5 3 106) were infected with ts56 or WT WSN virus at either 33 or 39.58C
at an MOI of 10 for 1 h and incubated for 5 h in DMEM prewarmed to 33 or
39.58C. The cells were then starved for 30 min and pulse-labeled for 20 min with
100 mCi of [35S]Translabel (P). Subsequently, they were chased in DMEM–2.5%
FBS for 3 h (C). For the shift-up experiment (33 to 39.58C), cells were pulse-
labeled at 338C and chased in DMEM prewarmed to 39.58C. They were extracted
with TX-100 as described in Materials and Methods. The samples were divided
equally and immunoprecipitated with either an anti-M1 monoclonal antibody
(A) or an anti-NP monoclonal antibody (B). Note that ts56-expressing M1 did
not become TX-100 insoluble at 39.58C even after 3 h of chase but became
TX-100 insoluble at 338C or after the shift-up to 39.58C.
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cleocapsids of murine retroviruses (44), M and NP proteins of
Sendai viruses (60), and Vp1 of simian virus 40 (24) have been
shown to interact with cytoskeletal elements in virus-infected
cells. The present study showed that although both influenza
virus M1 and NP became TX-100 resistant and appeared to
associate with microfilaments in virus-infected cells, the mech-
anisms of their interactions appeared to be different. NP ac-
quired TX-100 resistance during or soon after synthesis, with
essentially equal efficiency in the early and late phases of the
infectious cycle and when expressed alone, suggesting that NP
alone can interact with cytoskeletal elements in the absence of
other viral proteins. However, this is not to indicate that NP
interacts directly with actin filaments, because these results
cannot distinguish the NP interaction with actin from interac-
tion with actin-associated proteins. Also, it should be noted
that all cytoplasmic NP did not became TX-100 insoluble,
suggesting that such interactions are dynamic and may depend
on other factors and modifications (e.g., phosphorylation) af-
fecting the state of both NP and actin. However, unlike NP, M1
behaved differently in its interaction with cytoskeletal ele-
ments. In virus-infected cells, the kinetics of M1 acquiring
TX-100 resistance were slower than the kinetics of NP and
varied depending on the stage of infectious cycle (i.e., slower in
early stage of infectious cycle and faster in the late stage).
Furthermore, M1 did not acquire TX-100 resistance when ex-
pressed alone, either using recombinant vaccinia viruses or in
stable cell lines.

The above results indicate that M1 required other viral com-
ponents for interacting with the host cytoskeletal elements.
Among the viral components, it is unlikely that viral glycopro-
teins (HA and NA) are involved in mediating M1-cytoskeleton
interaction, since a major fraction of M1 remained resistant to
OG extraction, which rendered HA and NA completely solu-
ble in virus-infected cells. We therefore tested NP as a possible
intermediary in the M1-cytoskeleton interaction. However,
upon coexpression of M1 and NP at different ratios, M1 did
not acquire TX-100 resistance even after a long chase. We are
therefore proposing that viral RNP rather than NP is the
mediator for the M1-cytoskeleton interaction in influenza vi-
rus-infected cells. This hypothesis is also supported by the fact
that M1 required a longer chase period to acquire TX-100
resistance early in the infectious cycle when the level of vRNP
was low than late in the infectious cycle. Furthermore, M1 did
not acquire TX-100 resistance when vRNP synthesis was sup-
pressed early in the infectious cycle with cycloheximide (Fig.
7). Similarly, M1 did not acquire TX-100 resistance in ts56-
infected cells at the nonpermissive temperature. ts56 has a
defect in NP which interferes with both cRNA and vRNA
(vRNP) synthesis at the nonpermissive temperature (27, 32).
Again, it should be noted that the ts defect in NP did not
interfere with its ability to interact with cytoskeletal elements
(Fig. 8). Why vRNP and not NP facilitates the cytoskeletal
interaction of M1 is not clear, but several possibilities exist. (i)
NP in the vRNP may acquire a different conformation, which
may promote M1-vRNP interaction. Although M1-vRNP com-
plex has been observed after nonionic detergent treatment of
virus particles and virus-infected cells (77), M1-NP association
could not be demonstrated in coexpressing cells (data not
shown). (ii) M1 may interact with vRNA of the vRNP, because
it has been shown that the vRNA in the vRNP is exposed
outside (2) and that M1 possesses an RNA binding site (6, 14).
(iii) M1/vRNP interaction may alter the conformation of M1 so
that both vRNP and M1 can interact with cytoskeletal compo-
nents. It has been suggested recently that M1 may function as
a bridge between vRNP and the cytoskeletal elements (72).

However, our data support the reverse role of vRNP as being
the mediator in the M1-vRNP-cytoskeleton interaction.

Our results that M1 alone did not stably interact with the
cytoskeleton are different from an earlier observation of colo-
calization of M1 with actin filaments by immunofluorescence in
CV-1 cells with recombinant vaccinia virus (6) but are similar
to recently published data also obtained with CV-1 cells (76).
Since detergent extraction was not used in earlier studies, it is
possible that any M1-cytoskeleton interaction observed was
sensitive to TX-100 detergent extraction and that vRNP stabi-
lized such an interaction.

Although the mechanism of the influenza virus vRNP-cy-
toskeleton interaction remains unknown, an intracellular
mechanism to transport specific cellular mRNA as RNP to a
specific cellular compartment is well documented (20, 22, 69).
These mRNAs require cis-acting sequences at the 39 end to
interact with the mRNA-binding proteins, forming large RNP
particles which may be analogous to vRNP. These mRNA/
RNP particles then interact with cytoskeleton and use either
microtubule motors or actin filaments for transport to specific
cellular sites for localization and translation. It will be inter-
esting to investigate if viral RNPs use the mechanism analo-
gous to the cellular RNP transport machinery and if some of
the viral proteins provide analogous function in the transport
pathway.

Although the role of cytoskeletal components in viral mor-
phogenesis remains undetermined, a number of observations
indicate that host cytoskeletal components are actively in-
volved in different phases of the assembly and budding of
enveloped viruses. Many retroviruses, including human immu-
nodeficiency virus, bud from the leading edge of the infected
cells, which are enriched in actin filaments (23, 52, 53). Simi-
larly, other enveloped viruses, including poxviruses, measles
viruses, and frog 3 viruses, also bud from actin-enriched mi-
crovilli or filopodia (4, 45). Assembly and budding of envel-
oped viruses require that all viral components including enve-
lope proteins, matrix protein, and nucleocapsid must be
brought to the budding site (11, 17, 47). Envelope proteins are
transported to the plasma membrane via the exocytic pathway
and to the apical or basolateral plasma membrane in polarized
epithelial cells by using intrinsic targeting signals present in
glycoproteins (37, 48, 64, 70). The role of the cytoskeleton,
especially microtubules, in vesicular transport is well estab-
lished (30). However, much less is known about how the viral
matrix proteins and nucleocapsids are transported to the as-
sembly site on the plasma membrane. Our studies support the
notion that vRNP, as well as the M1-vRNP complex, interacts
with microfilaments, which may direct these viral components
to the assembly site. Furthermore, forward movement along
the actin filaments may also aid in the formation of viral buds.
The presence of actin in virus particles (38), protrusion of actin
filaments in the measles virus buds (4), and budding of human
immunodeficiency virus from one end of the cell containing
concentrated actin filaments (52, 53) would support the active
role of host microfilaments in viral morphogenesis. Clearly,
much work is needed to elucidate the steps in viral assembly
and bud formation and the role of host cytoskeletal compo-
nents in this process.
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